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ZBTB3 belongs to the Zinc finger and BTB/POZ domain 
containing transcription factor family; however, its biological 
role has rarely been studied. We demonstrate for the first time, 
to our knowledge, that ZBTB3 is an essential factor for cancer 
cell growth via the regulation of the ROS detoxification 
pathway. Suppression of ZBTB3 using two different short 
hairpin RNAs in human melanoma, lung carcinoma, and breast 
carcinoma results in diminished cell growth. In addition, we 
found that suppression of ZBTB3 activates a caspase cascade, 
including caspase-9, -3, and PARP leading to cellular apoptosis, 
resulting from failed ROS detoxification. We identified that 
ZBTB3 plays an important role in the gene expression of ROS 
detoxification enzymes. Our results reveal that ZBTB3 may 
play a critical role in cancer cell growth via the ROS 
detoxification system. Therefore, therapeutic strategies that 
target ZBTB3 could be used in selective cancer treatments. 
[BMB Reports 2014; 47(7): 405-410] 



INTRODUCTION 

Zinc finger and BTB/POZ domain containing (ZBTB) proteins 
are part of an emerging family of transcription factors, which 
commonly contain a DNA binding zinc finger and a tran- 
scription-repressing BTB/POZ domain. These proteins have crit- 
ical roles in development, differentiation, and tumorigenesis 
(1). Mechanistically, ZBTB proteins act as transcriptional re- 
pressors via BTB/POZ domain-mediated recruitment of tran- 
scriptional co-repressors such as NCoR, mSin3A, QBP, or 
HDAC to a subset of their target gene's promoter regions (2, 3). 

The human genome encodes over 40 members of the ZBTB 
protein family, with several closely linked to cancer develop- 
ment and progression (3, 4). ZBTB29, also known as Hyper-me- 
thylated in Cancer 1 (HIC1), acts as a repressor of transcriptional 
gene regulation in cancer growth, angiogenesis, and invasion 



♦Corresponding author. Tel: +82-43-840-3567; Fax: +82-43-840- 
3929; E-mail: jhlim@kku.ac.kr 

http://dx.doi.Org/10.5483/BMBRep.2014.47.7.075 

Received 7 April 2014, Revised 21 April 2014, Accepted 20 May 2014 

Keywords: Apoptosis, Cancer, ROS, ZBTB3 



through the recruitment of C-terminal binding proteins (QBPs) 
and Polycomb Repressive Complex 2 (PRC2) to a subset of its 
target genes (5, 6). In addition, ZBTB7 (also known as LRF) con- 
trols cellular transformation (1), ZBTB27 (also known as BCL6) 
is involved in B-cell lymphoma (7, 8), and ZBTB4 controls cell 
proliferation and invasion in breast cancer (9). This suggests that 
the ZBTB family of proteins may have multidimensional roles in 
cancer development and progression. Although the human ge- 
nome has been completely explored, the biological functions of 
many of the other ZBTB proteins are poorly characterized, if at 
all. Here, we report that ZBTB3 protein and mRNA levels are 
functionally expressed in several cancer cell lines and their ex- 
pression is critical for cancer cell survival. 

Reactive oxygen species (ROS) can be produced as by- 
products of oxidative phosphorylation, metabolic reprogram- 
ming, and environmental stresses, such as ionizing radiation, 
UV, and redox chemicals, and have been recognized to play an 
important role in many different physiological processes, such 
as proliferation, metabolism, aging, and cancer development 
(10-13). Because ROS cause cellular damage by disrupting intra- 
cellular macromolecules, such as proteins, lipids, and DNA, 
cells must have developed a complex antioxidant defense sys- 
tem to be able to adapt to the changing ROS levels and survive 
(14). Cells have evolved mechanisms to protect themselves 
from ROS-induced damage by activating various antioxidant en- 
zymes such as superoxide dismutase (SOD), catalase (CAT), glu- 
tathione peroxidases (GPx) and peroxiredoxins (PRDX) (12, 15). 

Cancer cells exhibit increased ROS due to unbalanced meta- 
bolic activity (16) and activated oncogenic signaling (10, 17). 
Although they are consistently exposed to high levels of ROS, 
cancer cells are more resistant to these conditions through an 
activated antioxidant defense system (15). Several transcription 
factors such as Forkhead Box Ml (FoXMl) and Nuclear factor 
erythroid-2 related factor 2 (NRF2) have been shown to be ele- 
vated and functionally activated in a variety of cancers, and 
these activated transcription factors confer resistance to oxida- 
tive stress-induced cancer cell apoptosis by increasing the 
gene expression of various antioxidants (18, 19). Whereas 
some of the components of the oxidative stress response have 
been identified in cancer cells, it is likely that key regulators 
that contribute to cancer growth are still poorly understood. In 
this study, we report that suppression of ZBTB3 causes the ac- 
cumulation of intracellular ROS and results in cancer cell 
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apoptosis, suggesting that ZBTB3 is a critical factor for the anti- 
oxidant defense system and cancer cell survival. 

RESULTS 

Inhibition of ZBTB3 decreases cancer cell growth 

To understand the functional role of ZBTB3 in cancer growth, 
we initially examined whether depletion of ZBTB3 affects can- 
cer cell survival. We found that two different shRNAs targeting 
ZBTB3 (shZBTB3 #1 or shZBTB3 #2) strongly decreased cell 
viability (Fig. 1A) as well ZBTB3 protein levels (Fig. 1B) in hu- 
man melanoma (MeWo), human lung small cell carcinoma 
(CORL311), and human breast carcinoma (T47D) cells. 



Therefore, we speculate that ZBTB3 plays an important role in 
cancer cell growth. 

ZBTB3 depletion causes cellular apoptosis 

The fact that cancer cell growth was decreased in ZBTB3-de- 
pleted cells suggests that it may have an anti-apoptotic function 
during cancer growth. To determine the anti-apoptotic function 
of ZBTB3, we analyzed the levels of apoptosis in control and 
ZBTB3-depleted cells using a FITC-conjugated Annexin-V 
antibody. As expected, the knockdown of ZBTB3 in MeWo, 
CORL311, and T47D cells significantly increased apoptosis 
(Fig. 2A and B). We further investigated the mechanism respon- 
sible for apoptotic induction after ZBTB3 knockdown. We 
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Fig. 1. ZBTB3 knockdown suppresses cell viability. (A) 
The effects of ZBTB3 knockdown on cell viability in 
MeWo (melanoma), CORL311 (lung), T47D (breast) 
cancer cells infected with lentiviruses expressing shRNA 
against either control or two different sequence of 
ZBTB3 (shZBTB3 #1 or shZBTB3 #2). Values represent 
mean + SD of independent experiments performed 
three times; *P < 0.05 and **P < 0.01 vs. control 
shRNA. (B) ZBTB3 protein levels in the control cells 
and those with ZBTB3 knocked down. 
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Fig. 2. ZBTB3 knockdown causes apoptosis. (A, B) 
The effects of ZBTB3 knockdown on cell apoptosis in 
MeWo, CORL113, and T47D cells. Values (percentage 
of apoptotic cells) represent mean + SD of three in- 
dependent experiments performed three times; **P < 
0.01 vs. control shRNA. (C) The effects of ZBTB3 
knockdown on caspase-3 activity in several cancer cell 
lines. Values represent mean + SD of independent 
experiments performed three times; **P < 0.01 vs. 
control shRNA. (D) Expression of apoptotic proteins in 
cells with ZBTB3 knocked down. 



406 BMB Reports 



http://bmbreports.org 



Zinc finger and BTB domain-containing protein 3 is essential for the growth of cancer cells 

Ji-Hong Lim 




b c 

■ shScr □shZBTB3#2 



° Me Wo I 



CORL311 1 T47D 



a. 50" 
E 40 
3 30- 

f 20 



° MeWo ICORL311 ' T47D 



IshScr □shZBTB3#2 



IshScr nshZBTB3#2 



a. 15 

10 



y 



I 40 
p 3C 



I 



° ° MeWo lcORL31ll T47U § ° MeWo lcORL311 I WD 



E F 

_ HshScr □shZBTB3#2 




■ shScr 

□ shZBTB3 2 + Veh 

□ shZBTB3 #2 + NAC 



HI 



Fig. 3. Oxidative stress induced by ZBTB3 knockdown 
causes apoptosis. (A) The effects of ZBTB3 knockdown 
on accumulation of intracellular H2O2 levels in several 
cancer cells measured using an oxidation-sensitive dye 
DCFH-DA. Representative images are shown (left) and 
values represent mean + SD of independent experi- 
ments performed three times; *P < 0.05 and # P < 
0.05. (B) The effects of ZBTB3 knockdown on cellular 
GSH levels in several cancer cell lines. Values repre- 
sent mean + SD of independent experiments per- 
formed three times; *P < 0.05. (C-E) The effects of 
ZBTB3 knockdown on antioxidant activities such as 
GPx, SOD, and CAT in cancer cells. Values represent 
mean + SD of independent experiments performed 
three times; *P < 0.05. (F) The effects of antioxidants 
on ZBTB3 knockdown-induced apoptosis. (G) The ef- 
fects of the antioxidant NAC on viability in cells with 
ZBTB3 knocked down. Values represent mean + SD 
of independent experiments performed three times; *P 
< 0.05 and *P < 0.05. 
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Fig. 4. Inhibition of ZBTB3 downregulates antioxidant 
gene and protein expression. (A) The effects of ZBTB3 
knockdown on antioxidant gene expression. Values rep- 
resent mean + SD of independent experiments per- 
formed three times; *P < 0.05 and **P < 0.01. (B) 
Antioxidant protein levels in control cells and those 
with ZBTB3 knockdown. (C-E) Antioxidant mRNA ex- 
pression levels. Values represent mean + SD of in- 
dependent experiments performed three times; *P < 
0.05. 



found that apoptosis was mediated by the activation of the cas- 
pase pathway, indicated by the activation of cleaved caspase-9, 
-3 and PARP in MeWo, CORL31 1, and T47D (Fig. 2D). In addi- 
tion, we found that caspase-3 was highly activated in 
ZBTB3-depleted cells (Fig. 2C). These results suggest that the 
inhibition of ZBTB3 strongly induces cancer cell apoptosis 
mediated by the caspase pathway. 



Inhibition of ZBTB3 increases ROS levels leading to cellular 
apoptosis 

Because increased intracellular ROS levels can lead to cellular 
apoptosis, we investigated the involvement of ZBTB3 using an 
oxidation-sensitive fluorescent dye, DCFH-DA. Fig. 3A shows 
that the intracellular ROS levels were significantly elevated in 
ZBTB3-depleted cells, but not after pretreatment with N-ace- 
tyl-L-cysteine (NAC). Therefore, we hypothesized that the ele- 
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vated ROS levels in ZBTB3-depleted cells may be associated 
with a reduction of glutathione (GSH) levels. As expected, in- 
tracellular GSH levels were significantly decreased in ZBTB3- 
depleted cells (Fig. 3B). Given that the intracellular GSH as 
well ROS levels are largely controlled by a variety of anti- 
oxidant enzymes, we measured the activity of these enzymes in 
the ZBTB3-depleted cells. Consistent with an increase in intra- 
cellular ROS levels in these cells, free radical eliminating en- 
zymes, such as GPx, SOD, and CAT, were significantly in- 
activated by the knockdown of ZBTB3 (Fig. 3C-E). Moreover, 
two different antioxidants, NAC and trolox, largely prevented 
caspase and PARP cleavage, thereby suggesting that elevated 
ROS levels are required to induce caspase cascade-dependent 
apoptosis in ZBTB3-depleted cells (Fig. 3F). Based on the above 
presented results that ZBTB3 affects cell survival by regulating 
antioxidant capacity, we examined whether antioxidants could 
rescue cell growth by eliminating the increased ROS levels in 
ZBTB3-depleted cells. ZBTB3 knockdown-mediated reduction 
of cell viability was significantly rescued by the antioxidant, 
NAC (Fig. 3G). Collectively, these results indicate that the in- 
hibition of ZBTB3 contributes to the accumulation of abnormal 
levels of ROS causing apoptosis in cancer cells. 

ZBTB3 suppression results in the reduced expression of 
antioxidants 

To determine the molecular basis of the oxidative stress in- 
duced by ZBTB3 knockdown in cancer cells, we analyzed ex- 
pression level of mRNAs encoding the antioxidant enzymes af- 
fected by depletion of ZBTB3. We found that the mRNA and 
protein levels of a variety of antioxidant enzymes, including 
PRDX2 and SOD2, were significantly decreased in ZBTB3-de- 
pleted cancer cells (Fig. 4A and B). Quantitative real-time PCR 
(qRT-PCR) analysis further confirmed the downregulation of 
GSTM4 (Fig. 4C), PRDX2 (Fig. 4D), and GPX3 (Fig. 4E) in 
ZBTB3-depleted cells. 

DISCUSSION 

Cancer cells reprogram their antioxidant defense system in or- 
der to survive under oxidative stress induced by metabolic re- 
programming and activated oncogenic signaling (10, 16, 17). It 
is becoming clear, however, that cancer cells are not dependent 
on one single pathway to accomplish this, as cancers generally 
choose from a variety of antioxidant pathways for survival. In 
this study, we provide evidence that the inhibition of ZBTB3 us- 
ing shRNA in several cancer cell lines results in the elevation of 
ROS levels causing apoptosis. We did this by showing that anti- 
oxidants such as NAC and trolox clearly prevented the apopto- 
sis induced by ZBTB3 inhibition. These results reveal that can- 
cer cells use ZBTB3 as another antioxidant factor for survival 
and growth. 

In pre-clinical settings, ROS-inducing drugs have been con- 
sidered as an anti-cancer strategy whereby increasing ROS lev- 
els above a certain threshold could cause cancer cell apoptosis 



(15). Indeed, piperlongumine and PEITC have recently been 
shown as selective anti-cancer drugs acting via the accumu- 
lation of ROS in cancer cells (1 7, 20). Therefore, inhibition of 
ZBTB3 may sensitize ROS-inducing drug-mediated cancer cell 
apoptosis and could be useful in selective cancer treatment. 

ZBTB proteins exhibit C-terminal zinc fingers, which recog- 
nize and interact with specific DNA sequences. They also pos- 
sess an N-terminal BTB/POZ domain, which mediates the re- 
cruitment of transcriptional co-repressors, such as nuclear re- 
ceptor co-repressor (NCoR), c-terminal binding protein (QBP), 
and histone deacetylase (HDAC) to the promoter regions of its 
target genes (1). For example, ZBTB33, also known as kaiso, 
transcriptionally represses matrix metalloproteinase (MMP)-7 
gene expression through the recruitment of the transcriptional 
co-repressor, myeloid translocation gene (MTG)-16 to the kaiso 
binding site in the promoter region (21). Additionally, ZBTB4 
has been shown to negatively regulate cell survival oncogene 
expression such as vascular endothelial growth factor (VEGF), 
VEGFR1, and survivin in human breast cancer cells by inhibit- 
ing specificity protein 1 (Sp1), Sp3, and Sp4 (9). Paradoxically, 
our results show that inhibition of ZBTB3 strongly down- 
regulates antioxidant mRNA expression suggesting that it may 
act as a transcriptional activator of antioxidants. This could be 
explained by the fact that ZBTB3 may downregulate other tran- 
scriptional co-repressors or micro RNAs, which in turn inhibits 
antioxidant gene expression. In addition, transcriptional func- 
tion of ZBTB3, as either an activator or repressor of gene ex- 
pression, could be dependent on the cellular context. Indeed, 
ZBTB19 (also known as PATZ1) has been shown to positively 
regulate p53 transcriptional activity and enhance apoptosis and 
senescence in response to DNA damage and oxidative stress in 
osteosarcoma and endothelial cells (22, 23). 

To summarize, our findings illustrate that the ZBTB3 tran- 
scription factor is closely involved in the antioxidant defense 
system by mediating antioxidant mRNA expression and this 
could be used to develop cancer therapy targeting antioxidant 
defense networks. 

MATERIALS AND METHODS 

Reagents and antibodies 

N-acetyl-L-cysteine, trolox, and 5,6-chloromethyl-2',7'-dichlo- 
rodihydrofluorescein diacetate (CM-DCF-DA) were purchased 
from Sigma Aldrich and Invitrogen. Antibodies against cleaved 
caspase-3, -9, Poly ADP ribose polymerase (PARP), and an- 
ti-ZBTB3 were purchased from Cell Signaling Technology and 
Bethyl Laboratory. Anti-tubulin, PRDX2 and SOD2 antibodies 
were purchased from Millipore and Pierce. 

Cell culture, lentiviral particle production and infection 

Cancer cell lines were cultured in Dulbecco's modified Eagle's 
medium (DMEM) containing 10% fetal bovine serum and 25 
mM glucose. Lentiviruses expressing short hairpin RNA 
(shRNA) against either control or ZBTB3 (TRCN0000015494 
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and TRCN000001 5495; Sigma Aldrich) were produced from 
HEK293T cells transfected with pLKO and packaging vectors 
using PolyFect (Qiagen) as previously described (16). Lentiviral 
particles from the transfected HEK293T cells were collected 
and used to infect cancer cells with 8 u,g/ml polybrene. 
Infected cells were selected with 2 u,g/ml of puromycin for 4 d 
prior to further experiments. 

Western blotting 

Total protein was extracted using a cell lysis buffer containing 
0.1% IGEPAL, 0.1% SDS, 150 mM NaCI, 50 mM Tris-HCI (pH 
7.9), 10 mM NaF, 0.1 mM EDTA, and protease inhibitor 
cocktail. Total protein was electrophoresed on SDS-poly- 
acrylamide gels and transferred onto a PVDF membrane 
(Millipore). Membranes were incubated with primary anti- 
bodies in 5% bovine serum albumin containing 0.05% Tween- 
20 overnight at 4°C, and HRP-conjugated secondary antibodies 
were incubated for 1 h at room temperature. Proteins levels 
were visualized using an ECL Plus kit (GE healthcare). 

Measurement of intracellular H 2 0 2 and GSH levels 

Intracellular hydrogen peroxide (H2O2) levels were measured 
using a CM-DCFH-DA assay. Lentivirus-infected cells were cul- 
tured in 6-well culture dishes and incubated for 16 h without 
serum in phenol red-free DMEM. After serum deprivation, cells 
were stimulated with 10% FBS for 10 min, washed with 
Krebs-Ringer solution and incubated for 5 min with CM-DCFH- 
DA. Cells were then rinsed and mounted with mounting me- 
dium (Vector Labs) and visualized with a confocal microscope 
(Zeiss). The relative fluorescence was calculated by mean fluo- 
rescence intensities of several fields. To measure intracellular 
glutathione levels, a glutathione colorimetric detection kit 
(BioVision Research Products) was used according to the manu- 
facturer's instructions. 

Quantitative real-time PCR 

Total RNA was isolated with TRlzol (Invitrogen), and 2 u,g was 
used for cDNA synthesis using a high capacity cDNA reverse 
transcription kit (Applied Biosystems). qPCR was performed 
using SYBR Green PCR Master Mix (Applied Biosystems). 
Experimental Ct values were normalized to 36B4, and relative 
mRNA expression was calculated versus 36B4 expression. The 
sequences of PCR primers are summarized in supplemental 
material. 

Measurement of antioxidant activity 

Infected cells were grown for 24 h, and cell extracts were col- 
lected for the measurement of human CAT, SOD, and GPx 
activity. Enzyme activity of each antioxidant was measured ac- 
cording to the manufacturer's instructions (Cayman Chemical 
Company). 

Apoptosis assay 

Apoptotic cells were measured using Annexin-V-FITC and pro- 



pidium iodide (BD Pharmigen). Briefly, cells were infected 
with lentivirus particles expressing shRNA against either con- 
trol or ZBTB3, and infected cells were selected by puromycin 
for 3 days. After selection, cells were trypsinized and washed 
with cold PBS, and an equal number of cells were stained with 
FITC-conjugated to an anti-annexin-V antibody and propidium 
iodide. Fluorescence was acquired by FACS analysis. 

Measurement of caspase-3 activity 

The proteolytic activity of caspase-3 was determined using a 
colorimetric assay kit (Cell Signaling Technology) according to 
the manufacturer's instructions. Briefly, cells were infected 
with lentiviral particles expressing shRNA against ZBTB3 or 
control in 6-well plates. The cells were selected by puromycin 
for 3 days. Caspase-3 activity in cell lysates was measured and 
expressed as fold increase compared with control shRNA. 

Statistical analysis 

All data were analyzed using the unpaired Student's t-test. 
Data are represented as means + standard deviations. P < 
0.05 was considered statistically significant. 
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